The temporal sequence of cell division and differentiation is explicitly controlled for succession and synchrony of developmental events. In this study we describe how the Caenorhabditis elegans gene sel-7 specifies the L3 stage-specific fate of seam cells, which adopt temporal specificities at each of four larval stages. Loss of function of sel-7 causes reiteration of the L2 stage fate at the L3 stage. sel-7 is involved in regulating the temporal expression pattern of hbl-1, which is a key factor in specifying the L2/L3 progression. We also show that sel-7 functions redundantly with other retarded heterochronic genes, including lin-46, daf-12 and the let-7 family miRNAs, in preventing adoption of the L2 fate at later stages. Expression of sel-7 in seam cells is temporally regulated through an evolutionarily conserved regulatory element located in intron 4 of sel-7. We further demonstrate that reiteration of the L2 proliferative seam cell division at the L3 stage in sel-7 mutants requires activity of the transcriptional mediator complex. Our study reveals that sel-7 functions as a novel heterochronic gene in controlling temporal cell identities and also demonstrates a role of the transcriptional mediator complex in integrating temporal information to specify seam cell division patterns in C. elegans.
Introduction
During the development of multicellular organisms, temporal information is integrated with appropriate spatial and sexual instructive cues to synchronize developmental events within diverse tissues and cell lineages (Thummel, 2001) . A network of heterochronic genes have been identified in Caenorhabditis elegans that control the timing of stage-specific fates in diverse post-embryonic cell lineages, best characterized by the development of a row of lateral hypodermal seam cells (Rougvie 2001 (Rougvie , 2005 . Ten seam cells, aligned on each side of the animal, undergo asymmetric cell division at each of four larval stages (L1 to L4), with the anterior daughter fusing with the hypodermal syncytium (hyp7) and the posterior daughter retaining the seam cell identity. At the L2 larval stage, certain seam cells (H1, V1-V4 and V6) also undergo one round of symmetric division, known as proliferative seam cell division, with both daughter cells maintaining the seam cell fate. During the L4 stage, all seam cells exit the cell cycle, fuse together to form the lateral seam syncytium and are responsible for the formation of a cuticular structure known as the lateral alae. The development of seam cells, thus, offers a model to study how the temporal fates of cells are specified.
Mutations in heterochronic genes cause seam cells to adopt fates that are characteristic of an earlier or later larval stage. The L1 to L2 switch is controlled by microRNA lin-4 and its target lin-14 (encoding a novel nuclear protein) (Ambros and Horvitz, 1984; Lee et al., 1993; Wightman et al., 1991) . Mutations in lin-4 cause reiteration of the L1 fate at subsequent larval stages, while mutations in lin-14 lead to precocious adoption of the L2 stage fate at the L1 larval stage and premature terminal differentiation of seam cells, one stage earlier than wild type (Chalfie et al., 1981; Ambros and Horvitz, 1984) . Multiple heterochronic genes, including lin-28 (encoding a cold shock domain protein), daf-12 (encoding a nuclear hormone receptor), lin-46 (encoding a homolog of the scaffolding protein gephyrin) and the let-7 family miRNAs (mir-48, mir-84 and mir-241), may converge on the regulation of the C. elegans Hunchback homolog, hbl-1, to control the succession from L2 to L3 (Moss et al., 1997; Antebi et al., 1998 Antebi et al., , 2000 Snow and Larsen, 2000; Pepper et al., 2004; Abbott et al., 2005; Li et al., 2005; Moss, 2007; Bethke et al., 2009) . In lin-28 mutants, L2-stage events are skipped and the larval/adult switch takes place at the L3 stage (Ambros and Horvitz, 1984) . In contrast, mutations in let-7 family miRNAs, daf-12 and lin-46 cause a retarded phenotype characterized by reiteration of the L2 fate at the L3 stage and also the delay of terminal differentiation (Antebi et al., 1998; Pepper et al., 2004; Abbott et al., 2005) . Mutations in the C. elegans Dicer homolog, dcr-1, and the Argonaute homolog, alg-1, also lead to repetition of the L2 division program at the L3 larval stage, which is most likely due to disruption of the regulation of hbl-1 by let-7 family miRNAs (Grishok et al., 2001; Morita and Han, 2006) . Late in development, the let-7 miRNA, lin-41 (encoding a RBCC domain-containing RNA binding protein) and hbl-1 specify the L4 fate (Reinhart et al., 2000; Slack et al., 2000; Lin et al., 2003; Abrahante et al., 2003) . In lin-41 and hbl-1 mutants, the L4 stage is skipped and seam cells precociously differentiate at the L3 molt, while in let-7 mutants the L4 stage division is reiterated at the putative L5 stage. The zinc finger transcription factor LIN-29 functions downstream of the heterochronic pathway in coordinating the execution of all aspects of the larval/adult switch (Ambros and Horvitz, 1984; Rougvie and Ambros, 1995) .
To govern stage-specific fate, the expression patterns of many heterochronic genes undergo dramatic temporal changes. For example, let-7 is not detected at early larval stages, but is strongly expressed at the L4 stage and onwards . The temporal expression of let-7 is regulated at the transcriptional level through a temporal regulatory element located in its promoter . The temporal accumulation of heterochronic gene products can also be regulated at the post-transcriptional level by miRNAs, which form non-perfect complementary interactions with the 3′ UTR of targets, resulting in translational inhibition and degradation of mRNA (Banerjee and Slack, 2002; Bagga et al., 2005) . For example, lin-4 is upregulated during the mid-L1 stage in wild type animals and inhibits productive translation of lin-14 and lin-28 mRNA, while increased expression of let-7 during the L4 stage leads to downregulation of the protein level of LIN-41 (Wightman et al., 1993; Slack et al., 2000) . Other mechanisms also ensure the expression of heterochronic genes at correct stages, such as the positive feedback loop between lin-14 and lin-28 (Seggerson et al., 2002) . How the heterochronic pathway communicates developmental timing to downstream targets in specifying various aspects of seam cell development, such as the distinct division pattern, remains largely unknown.
Almost all of the known heterochronic mutations cause either precocious or retarded terminal differentiation of seam cells. This may be because previous genetic screens identified only mutants with defects in the formation of alae or altered expression of adult-specific genes (Ambros and Horvitz, 1984; Abrahante et al., 1998) . Such screening strategies may fail to identify genes that do not affect the terminal differentiation of seam cells but regulate temporal fate at specific larval stages. In this study we performed a screen to identify mutants that are defective in the specification of the L2 proliferative seam cell division and identified a mutation in sel-7, previously known as a positive regulator of the LIN-12/Notch signaling pathway (Chen et al., 2004) . Mutations in sel-7 result in a reiteration of the L2 fate at the L3 larval stage. However, seam cells differentiate at the normal L4/ adult switch in sel-7 single mutants. The expression of sel-7 is temporally regulated at the transcriptional level through an evolutionarily conserved regulatory element located in its fourth intron. Our study reveals that multiple mechanisms are involved in specifying the L2/L3 progression during C. elegans development.
Methods and materials

Strains
The following strains were used in this work: LGI: lin-28(n719).
LGII: lin-29(n333).
LGIII: dcr-1(bp132).
LGIV: jcIs1(ajm-1∷GFP).
LGV: lin-46(bp312), mir-48 mir-241(nDf51), wIs51(scm-1∷GFP).
LGX: hbl-1 (ve18), daf-12(rh257), sel-7(n1253), sel-7(bp131). The linkage groups for ctIs39(hbl-1∷gfp∷hbl-1), ctIs37(hbl-1∷gfp∷unc-54) and maIs108 (lin-28∷gfp∷lin-28) are not determined. sel-7(bp131) was backcrossed four times.
Characterization and mapping of sel-7
Three-factor mapping placed bp131 between dpy-6 and unc-3 on linkage group X. 44 out of 52 Dpy non-Unc and nine out of 66 Unc nonDpy recombinants from a dpy-6 + unc-3/+ sel-7 + cross carried bp131. We found that fosmid WRM0639aB08 rescued the bp131 phenotype. The rescuing activity was further delimited by a PCR product containing sel-7. A C to T mutation was detected in the sel-7 (bp131) coding sequence, which causes an alanine to valine replacement at amino acid residue 159 of SEL-7. sel-7(n1253) mutants also displayed a reiteration of the L2 specific proliferative seam cell division at the L3 larval stage with an average number of 23.2 seam cells (n = 50) at the young adult stage. Moreover, bp131 failed to complement sel-7(n1253). These results demonstrate that bp131 is a new allele of sel-7.
The defect in the DTC development in sel-7(bp131) mutants can also be rescued. 95.7% of sel-7 mutants carrying a transgene containing the sel-7 genomic DNA (n = 70) had wild type DTCs and gonad arms.
Characterization of mdt-29(tm2893) mdt-29(tm2893) contains a 238 bp deletion, covering part of exon 3 and intron 3 (nt 1265 to nt 1502; the first ATG is designated as +1). We sequenced mdt-29(tm2893) cDNA and found that a cryptic splice site in intron 3 is used, resulting in a deletion of 12 amino acids (111 to 122) and an insertion of 21 amino acids at position 111. tm2893 is unlikely to be null, as it causes a weaker phenotype in suppression of sel-7 than mdt-29(RNAi).
Lineage analysis
Single worm was placed on 2% agarose pad with M9 buffer. After observation, the animal was aspirated and placed onto a fresh plate to recover. This procedure was repeated every 2 h.
Animals were viewed using an epifluorescence microscope (Zeiss Axioplan 2 imaging). Images were captured by AxioCam (software, Axiovision: Re14.2).
RNA interference
The PCR templates used for RNAi were: lin-14(T25C12, nt 22750-23827), lin-28(F02E9, nt 3759-4268), lin-29(Y17G7A, nt 3457-4182), alg-1(K02B9, nt 30552 to F48F7, nt230), mdt-29(K08E3, nt36659-37679) and sop-1(F47A4, nt 14416-15724).
EMSA analysis
MBP-SEL-7 fusion proteins were incubated with 32 P labeled probes (20,000 c.p.m.) in DNA binding buffer (10 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% glycerol, 100 mg/ml BSA, and 1 μg poly (dIdC)). Reactions were incubated on ice for 30 min, electrophoresed on a 5% native TBE PAGE gel and analyzed by autoradiograph. 3 μg of protein were used for each reaction.
Reporters
The gfp coding sequence was placed at the C-terminal end of the coding sequence in all reporter constructs described below:
sel-7p∷gfp∷unc-54 was made by inserting a 3 kb promoter sequence from sel-7 (K04G11, nt 6632-9697) into ppD95.79. The promoter does not contain all the upstream sequence between the sel-7 coding region and the next gene (K04G11.3). sel-7p∷gfp∷sel-7 was made by replacing the unc-54 3′ UTR in the plasmid sel-7p∷gfp∷unc-54 with a 1 kb 3′ UTR sequence from sel-7 (VK04G11, nt3852-4893). sel-7p∷sel-7cDNA∷gfp∷sel-7 was made by inserting a 975 bp sel-7 cDNA sequence into the plasmid sel-7p∷gfp∷sel-7. sel-7∷gfp∷unc-54 was made by fusing the promoter and coding sequence (K04G11, nt 1-9697, VK04G11, nt 4897-5266, amplified from fosmid WRM0639aB08) of sel-7 with the gfp coding sequence and unc-54 3′ UTR (amplified from ppD95.79). sel-7∷gfp∷sel-7 was made by fusing the promoter and coding sequence of sel-7 with the gfp coding sequence and sel-7 3′ UTR (amplified from sel-7p∷gfp∷sel-7). sel-7(exon 4-exon 7)∷gfp∷sel-7 was made by inserting the coding sequence of sel-7, covering exon 4 to exon 7 (K04G11, nt 1-5717, VK04G11, nt 4897-5266), into the plasmid sel-7p∷gfp∷sel-7. sel-7(deleting introns 1-3)∷gfp∷sel-7 was made by fusing the promoter and first three exons of sel-7 (amplified from sel-7p∷sel-7cDNA∷gfp∷sel-7) with the remaining coding sequence and gfp (amplified from the plasmid sel-7(exon 4-exon 7)∷gfp∷sel-7). sel-7(exon 4-exon 7, deleting intron 4)∷gfp∷sel-7 was made by deleting the fourth intron (K04G11, nt 904-5621) from the plasmid sel-7(exon 4-exon 7)∷gfp∷sel-7. sel-7(deleting intron 4)∷gfp∷sel-7 was made by fusing the promoter and first three exons and introns (amplified from fosmid WRM0639aB08) with the remaining coding sequence (amplified from the plasmid sel-7(exon 4-exon 7, deleting intron 4)∷gfp∷ sel-7).
The number of seam cells in sel-7(n1253) mutants carrying each reporter was examined to determine whether the reporter was functional. The average number of seam cells was 17.1 (n = 22), 20.1 (n = 32) and 17.1 (n = 11) in sel-7 mutants carrying sel-7∷gfp∷sel-7, sel-7p∷sel-7cDNA∷gfp∷sel-7 (deleting all introns), and sel-7(deleting introns 1-3)∷gfp∷sel-7, respectively.
To map the minimal sequence required for temporal expression of sel-7 in seam cells, various DNA fragments amplified from intron 4 of sel-7 were inserted into pPD122.53, which contains the pes-10 minimal promoter, gfp coding sequence and unc-54 3′ UTR.
Results
Mutations in sel-7 cause a reiteration of the L2 proliferative seam cell division at the L3 stage
In a genetic screen to identify mutants with altered number of seam cells, we isolated one mutation, bp131, which resulted in an increase in seam cell numbers. There were 24 seam cells on average at the young adult stage in bp131 mutants, compared to 16 in wild type animals (Figs. 1A,B) . Subsequent analysis demonstrated that bp131 is a new allele of sel-7 (Chen et al., 2004 ) (see Methods and materials for details). A putative null allele of sel-7, n1253, was used for the genetic analyses in this study unless otherwise noted.
To assess the cause of increased seam cell number, we observed seam cell division patterns in individual sel-7 mutants from the L1 stage to the L4 stage. In all six sel-7 mutant animals analyzed, we found that seam cells V1-V4 and V6 repeated the typical L2 division pattern with two rounds of cell division at the L3 larval stage (Fig. 1C) . As in wild type animals, the seam cells ceased division, fused together and synthesized alae at the L4/adult switch in sel-7 mutants (Fig. 1D) , indicating that the terminal differentiation of seam cells is not affected in sel-7 mutants.
Other aspects of seam cell development, including generation of the postdeirid and phasmid structure from seam cells V5 and T, respectively, and generation of male sensory rays, was not affected in sel-7 mutants (data not shown). Thus, mutations in sel-7 appear to specifically cause a reiteration of the L2 seam cell division pattern at the L3 larval stage.
sel-7 plays a role in the development of distal tip cells and gonad
Mutations in sel-7 also cause a defect in the development and division of distal tip cells (DTCs), which are located at the tip of each gonad arm (Figs. 1E,F) . In 8.1% of sel-7(n1253) mutant animals (n = 74), two DTCs (labeled by a lag-2∷gfp reporter) were present in one gonad arm (Figs. 1G,H) . Consistent with this, two gonad branches were formed in those gonad arms containing two DTCs (Fig. 1H) . In 6.8% of sel-7(n1253) mutants (n = 74), no DTC and gonad arm were found in one side of the animal (Figs. 1I, J) . The migration of the gonad was also defective in sel-7(n1253) mutants. In wild type animals, the gonad migrates away from the mid-body region and then makes a turn from the ventral to the dorsal side. Finally, it reorients and migrates back towards the mid-body. However, in 25.7% of sel-7(n1253) mutants (n = 74), one gonad branch failed to migrate back to the mid-body; instead, they continued to migrate to the head or tail region. Taken together, these results indicate that sel-7 plays an important role in multiple developmental processes.
Genetic interactions between sel-7 and other retarded heterochronic mutants with a reiteration of the L2 proliferative division
In addition to sel-7, mutations in daf-12, lin-46, dcr-1 and let-7 family miRNAs also lead to a reiteration of the L2 stage proliferative division pattern at the L3 stage (Antebi et al., 1998; Pepper et al., 2004; Grishok et al., 2001; Abbott et al., 2005) . We found that sel-7 in combination with each of these retarded heterochronic mutations caused a dramatic increase in the number of seam cells (Table 1, Figs. 2A,B and data not shown). For example, there was an average of 52.5 seam cells in lin-46(bp312); sel-7 mutants at the young adult stage, compared to 26.4 in lin-46(bp312) single mutants. The number of seam cells in these double mutants continued to increase during the L4 and adult stages, suggesting that the L2 division pattern was repeated multiple times in double mutants. Indeed, we followed the seam cell lineages in lin-46; sel-7 mutants and found that certain seam cells reiterated the L2 division pattern at both the L3 and L4 stages (Fig. 2C) . The adoption of proliferative L2 division pattern at later larval stages was also found in dcr-1; sel-7 and mir-48 mir-241; sel-7 mutants ( Table 1) . As sel-7(n1253) is most likely to be null, the genetic interaction is consistent with sel-7 functioning in parallel to these retarded heterochronic genes in preventing adoption of the L2 proliferative division at later developmental stages.
Although the larval to adult switch occurs at the normal L4 stage in sel-7 single mutants, sel-7 mutations enhanced the retarded defects in the terminal differentiation of seam cells in daf-12(rh257) and lin-46 mutants. For example, 84.6% of lin-46; sel-7 mutants exhibited complete lack of alae at the young adult stage, compared with 37.5% in lin-46 single mutants (Table 1 , Fig. 2D and data not shown) . Thus, sel-7 plays a later role in specification of the larval/adult switch in sensitized genetic backgrounds.
lin-29(n333); sel-7 double mutants exhibited terminal differentiation defects similar to that of lin-29. The number of seam cells was 22.6 in lin-29; sel-7 mutants (Table 1) , which is consistent with the late function of lin-29 in specifying the larval/adult switch.
Genetic interactions between sel-7 and heterochronic genes required for specification of the L2 fate
To further place sel-7 in the heterochronic pathway, we next determined how sel-7 interacts with lin-28 and hbl-1, which are involved in specification of the L2 division pattern. A lin-28 null mutation, n719, causes skipping of the L2 larval stage and the adultspecific fate occurs one stage earlier (Ambros and Horvitz, 1984; Moss et al., 1997) . The number of seam cells was 16.9 in lin-28(n719); sel-7 mutants, compared to 11.7 in lin-28 animals at the late L3 stage (Table  2, Figs. 2E,F) . Analyzing the division pattern of seam cells in lin-28; sel- 7 double mutants revealed that seam cells undergo proliferative division at the L2 stage (Fig. 2G ). As in lin-28 single mutants, seam cells terminally differentiated and produced alae at the L3/L4 switch in double mutants (Fig. 2H) . Thus, lin-28 and sel-7 display a mutual suppression phenotype in specification of seam cell division patterns at larval stages. Furthermore, we found that the temporal expression pattern of lin-28 was not affected in sel-7 mutants (data not shown).
As the alleles of lin-28 and sel-7 used in these experiments are null, these results indicates that sel-7 functions in parallel to lin-28 in specifying the L2/L3 progression. hbl-1 plays a central role in specifying the L2/L3 transition and reduced activity of hbl-1 suppresses reiteration of the L2 division pattern in mutants of let-7 family miRNAs and lin-46 (Abbott et al., 2005 , Pepper et al., 2004 . We found that the average number of seam cells was 17.4 in hbl-1(ve18) sel-7 double mutants at the late L3 stage, compared to 23.9 in sel-7 single mutants (Table 2, Figs. 2I, J) . Therefore, hbl-1 activity is required for reiteration of the proliferative seam cell division pattern at the L3 larval stage in sel-7 mutants. As in hbl-1 mutants, terminal differentiation of seam cells occurred at the late L3 stage in the double mutants (Table 2, Figs. 2K,L) . The hbl-1 allele used in these experiments is partial loss of function, since an hbl-1 null causes an embryonic lethal phenotype. The genetic interaction suggests that sel-7 is likely to function upstream of or in parallel to hbl-1 in regulating the L2/L3 switch. sel-7 regulates the expression of hbl-1 in hypodermal and body wall muscle cells
We next investigated whether sel-7 specifies the L2/L3 switch by regulating the expression of hbl-1. We examined the expression of an hbl-1∷gfp∷hbl-1 reporter, which in wild type animals is expressed in hypodermal cells at the L1 and L2 larval stages before becoming very weakly expressed by the L3 stage (Figs. 3A,B ,E,F) Abrahante et al., 2003) . We found that HBL-1∷GFP persisted in hypodermal cells at the L3 larval stage in sel-7 mutants (Figs. 3C,D,G, H) . sel-7 also regulates the expression of hbl-1 in body wall muscle cells. hbl-1∷gfp∷hbl-1 was weakly expressed in body wall muscle cells at early larval stages and became undetectable by the L3 stage in wild type animals. However, strong expression of hbl-1∷gfp∷hbl-1 was detected in muscle cells in sel-7 L3 larvae (Figs. 3G,H) . These results indicate that sel-7 is involved in regulating the temporal expression pattern of hbl-1 in hypodermal and muscle cells.
A previous study showed that SEL-7 is localized to the nucleus (Chen et al., 2004) . We thus tested whether SEL-7 contains DNA binding activity. Full-length MBP-SEL-7 fusion proteins were purified from E. coli and incubated with end-labeled DNA probes, followed by electrophoretic mobility shift analysis (EMSA). We found that SEL-7 caused retarded migration of the probes (Fig. 3I) . Binding of SEL-7 to the DNA template was effectively competed by cold single-stranded and double-stranded DNA, but not by tRNA. Therefore, SEL-7 directly binds to DNA.
We next examined whether sel-7 regulates the expression of hbl-1 at the transcriptional level by examining the expression of an hbl-1 transcriptional reporter, which contains the promoter of hbl-1 and the unc-54 3′ UTR. However, this reporter was very strongly expressed in hypodermal and muscle cells and we were not able to determine whether its expression is upregulated in sel-7 mutants. Nevertheless, the nuclear localization and DNA binding activity of SEL-7 suggest that SEL-7 functions as a transcription factor in regulating the expression of hbl-1.
The expression of sel-7 in seam cells is temporally regulated
The sel-7∷gfp reporter, which contains the promoter and cDNA of sel-7, showed that SEL-7 is present in several tissues, including developing gonad and vulval precursor cells (Chen et al., 2004) . Whether sel-7 is expressed in hypodermal cells has not been determined. We constructed a translational fusion reporter (sel7∷gfp∷sel-7), containing a 3 kb promoter sequence and the exons, introns and 3′ UTR of sel-7, with gfp inserted at the C-terminus of SEL-7 (Fig. 4A ). This reporter differs from the previous ones in that it contains the introns and 3′ UTR of sel-7. The reporter rescued the seam cell defect caused by the sel-7 mutation (see Methods and materials for details). sel-7∷gfp∷sel-7 was widely expressed, including in pharyngeal muscle cells and body wall muscle cells (Figs. 4B,C) . We found that sel-7∷gfp∷sel-7 was also expressed in seam cells with temporal changes in its expression level. The expression of sel-7 in seam cells was undetectable in L1 and L2 larval stages (Fig. 4D) . sel-7∷gfp∷sel-7 appeared in seam cells at the L3 stage (Fig. 4E) . The expression declined at the late L4 stage and was only weakly present in young adults (Fig. 4F) . This temporal expression pattern of sel-7 in seam cells is consistent with its role in specifying the L3 stage fate.
Expression of sel-7 is temporally controlled by the heterochronic pathway
We investigated whether precocious or retarded adoption of the L3 stage fate was correlated with temporal changes in the expression of sel-7. Loss of function of lin-14 and lin-28 leads to the L3 fate being adopted prematurely. We found that strong precocious expression of sel-7 was observed at the L1 larval stage in lin-14(RNAi) animals ( Fig. 5A ) and at the L2 stage in lin-28(RNAi) animals (Fig. 5B) . The expression of sel-7 declined at the L3 stage in lin-14 and lin-28 animals. Loss of function of alg-1 caused a retarded phenotype, in which the L2 stage fate is repeated at the L3 stage and the subsequent L3 stage program is delayed by one larval stage. We found that strong expression of sel-7 occurred one stage later than normal in alg-1 (RNAi) animals, in which sel-7∷gfp∷sel-7 was undetectable at the L3 stage and strongly expressed from the early L4 to young adult stages (Fig. 5C ). The expression of sel-7 persisted at the adult stage in lin-29 mutants (Fig. 5D) , consistent with failure of the larval/adult switch in lin-29 mutants. Taken together, these results suggest that strong expression of sel-7 correlates with specification of the L3 larval stage fate and is controlled directly or indirectly by the heterochronic pathway.
An intronic regulatory element is required for the temporal expression pattern of sel-7
We next dissected the molecular basis of the temporal expression pattern of sel-7 in seam cells. To determine whether the 3′ UTR of sel-7 was involved in specifying the temporal expression of sel-7, the heterologous unc-54 3′ UTR was used to replace the sel-7 3′ UTR in the functional sel-7 translational reporter described above. We found that the sel-7∷sel-7∷unc-54(3′ UTR) reporter still displayed temporally regulated expression in seam cells (Figs. 6A-C) , suggesting that the temporal expression of sel-7 is unlikely to be mediated by miRNAs through the sel-7 3′ UTR.
Next, we constructed a series of reporters to identify elements that confer temporal expression on sel-7 in seam cells. A reporter containing the promoter region of sel-7 was expressed in a few neurons but not in seam cells at any developmental stage (data not shown). Similarly, a reporter containing the promoter, 3′ UTR and cDNA of sel-7 was not expressed in seam cells (Fig. 6D ). This suggests that elements present in sel-7 introns may be involved in regulating the expression of sel-7.
sel-7 translational reporters lacking various introns were constructed and their expression patterns were examined. We found that a reporter containing introns 4, 5 and 6 showed temporal expression of sel-7 in seam cells and was functional in rescuing the defects associated with sel-7 mutants (Fig. 6E) . However, a reporter with a deletion of intron 4 was not expressed in seam cells and was not functional (Fig. 6F) . Therefore, intron 4 of sel-7 is required for temporal expression of sel-7 in seam cells.
An evolutionarily conserved regulatory element in intron 4 is required for the temporal expression of sel-7 in seam cells
To determine whether intron 4 is sufficient to confer temporal expression on sel-7 in seam cells, we placed this region upstream of the Δpes-10gfp reporter, which contains the pes-10 minimal promoter and is specialized for enhancer activity assays. We found that intron 4 of sel-7 drove the expression of pes-10∷gfp in seam cells in the same temporal pattern as sel-7∷gfp∷sel-7 (data not shown). Analysis of a series of reporters containing fragments of intron 4 enabled us to define a 215 bp element (4-1-1-2) that led to temporally regulated gfp expression in seam cells (Figs. 6G-I) .
If the intronic fragment of sel-7 contained an essential cisregulatory element, we expected that this element would be conserved in closely related nematodes. Intron 4 of C. briggsae sel-7 (6364 nt long) is at the same position within the coding region as the one in C. elegans. By comparison of the nucleotide sequence, we found that intron 4 of C. elegans and C. briggsae sel-7 was diverged with the exception of ten conserved blocks (N20 nt) (Fig. 6J) . Two of these are located in fragment 4-1-1-2. A derivative of fragment 4-1-1-2 lacking the first element still drove expression of the pes-10 reporter in seam cells in a temporally regulated manner as described above. In contrast, deleting the second conserved element abolished expression of the reporter in seam cells (Fig. 6J ). Deleting this element in the sel-7 reporter also abolished expression of sel-7 in seam cells (data not shown). Therefore, this element, termed TRE (temporal regulation element) (Fig. 6K) , is essential for the temporal expression of sel-7 in seam cells.
The transcriptional mediator complex is required for the adoption of L2 proliferative division at the L3 larval stage in sel-7 mutants A previous study identified a component of the transcriptional mediator complex, MDT-29, as an interactor of SEL-7 (Chen et al., 2004) . Both sel-7(RNAi) and mdt-29(RNAi) weakly enhance the 2 anchor cell (AC) phenotype of lin-12(ar170), suggesting that MDT-29 may function with SEL-7 in specifying the AC/ventral uterine precursor cell (VU) decision (Chen et al., 2004) . We thus investigated whether mdt-29 is also involved in specification of seam cell divisions. We found that mdt-29(RNAi) resulted neither in defects in seam cell division nor in terminal differentiation of seam cells (n = 84) (Fig. 7A and data not shown). In contrast, mdt-29(RNAi) decreased the number of seam cells from 23.9 on average in sel-7 mutants to 17.6 in mdt-29 (RNAi); sel-7 animals (n = 74) (Fig. 7B) . Analysis of the seam cell division pattern revealed that the wild type L3 division pattern was restored at the L3 stage in mdt-29(RNAi);zsel-7 animals (Fig. 7C) . mdt-29(tm2893), a partial loss of function allele (see Methods and materials for details), also reduced the number of seam cells in sel-7 mutants. There was an average of 18.7 seam cells in mdt-29(tm2893); sel-7 mutants (n = 32).
We further examined the role of sop-1, which encodes another component of the transcriptional mediator complex (Zhang and Emmons, 2000) , on seam cell division in sel-7 mutants. sop-1(RNAi) slightly reduced the number of seam cells to 14.5 on average (n = 42), due to defective seam cell division at the L2 larval stage. sop-1(RNAi) restored the wild type L3 division pattern in sel-7 mutants and the number of seam cells was 16.1 in sel-7; sop-1(RNAi) mutants (n = 32) (Figs. 7D,E) . Taken together, these data suggest that the transcriptional mediator complex is required for adoption of the L2 proliferative seam cell division at the L3 larval stage in sel-7 mutants.
Discussion
Role of sel-7 in controlling temporal identities of seam cells
We showed here that sel-7 functions as a heterochronic gene in controlling the L2/L3 progression. Loss of function of sel-7 results in reiteration of the L2-specific proliferative division pattern at the L3 stage. sel-7 could function as a negative regulator of L2 fate or a positive regulator of L3 fate. Simultaneous loss of sel-7 and other retarded heterochronic genes, including daf-12 and lin-46, causes reiteration of the L2 fate at the L4 larval and young adult stages. Furthermore, the L3 stage fate in sel-7 mutants could be restored by reducing the activity of hbl-1. These results suggest that sel-7 is more likely to repress the L2 fate instead of being required for the L3 fate. sel-7 also has a function in the larval/adult switch in sensitized genetic backgrounds.
We provided evidence to show that sel-7 specifies the temporal fates of seam cells by regulating the expression of hbl-1. The retarded defects in sel-7 mutants are almost completely suppressed by a partial loss-of-function hbl-1 mutation. Loss of function of sel-7 causes ectopic expression of hbl-1 at the L3 stage. For example, in wild type animals, the expression of hbl-1 in hypodermal cells is abolished at the L3 larval stage, while in sel-7 mutants, its expression persists at the L3 stage. The role of sel-7 in regulating the expression of hbl-1 is in parallel to the let-7 family miRNAs, as mutations in sel-7 enhance the retarded phenotypes of mir-48 mir-241, alg-1 and dcr-1 mutants. sel-7 is strongly expressed in seam cells. Expression of the sel-7 reporter is still evident in the nuclei of anterior seam cell daughters after they fuse with the hyp7 syncytium, although SEL-7 eventually disappears in hypodermal cells. The nuclear localization and DNA binding activity suggest that SEL-7 could directly repress the expression of hbl-1 at the transcriptional level. Alternatively, sel-7 may regulate the expression of additional factors, which in turn regulate the expression of hbl-1 at the transcriptional or post-transcriptional level. Thus, multiple regulatory mechanisms are employed to control the temporal expression of hbl-1 in various tissues, including hypodermal cells (let-7 family miRNAs and sel-7), ventral nerve cord cells (let-7) and muscle cells (sel-7) (Abbott et al., 2005; Lin et al., 2003; Abrahante et al., 2003) . Since the hbl-1 mutant allele used in these experiments is not null, our results cannot rule out the possibility that sel-7 acts in parallel to hbl-1 to control the L2 to L3 transition.
sel-7 was identified as a positive regulator of the lin-12 signaling pathway (Chen et al., 2004; Greenwald, 2005) . Mutations in sel-7 suppress a subset of defects caused by lin-12 gain-of-function (gf) mutations and enhance the effect of partially reduced lin-12 activity (Chen et al., 2004; Greenwald, 2005) . A recent study showed that lin-12(gf) mutants display precocious alae at the L4 molt (Solomon et al., 2008) . However, we could not detect formation of precocious alae in lin-12(n302gf) and lin-12(n137 n460gf) mutants (n N 40). The reason for this discrepancy is not known. Furthermore, we found that RNAi inactivation of components of the lin-12 signaling pathway, including sel-8, lag-1 and lin-12, neither leads to a reiteration of the L2 fate, nor enhances the heterochronic defects in daf-12 and lin-46 mutants (Table S1 ). Thus, it is likely that sel-7 functions independently of lin-12 signaling in specifying the L2/L3 progression.
Temporal expression of sel-7
The expression of sel-7 in seam cells shows temporal changes. sel-7 is strongly expressed at the L3 stage, while its expression is absent in early larvae and declines at later larval and adult stages. The temporal expression pattern of sel-7 in seam cells is regulated at the transcriptional level via a conserved enhancer element, TRE, located in intron 4 of the sel-7 gene. The factors that bind to TRE to control the expression of sel-7 have yet to be identified. The transcription factor LIN-14 could be one of the factors that represses expression of sel-7 in L1 and L2 larval stages (Hristova et al., 2005) . The TRE of sel-7 contains a "GAAC" consensus binding site for LIN-14. The expression of lin-14 is complementary to that of sel-7 (Wightman et al., 1991) . LIN-14 is abundant at the L1 stage and then rapidly declines at the L2 and L3 stages, when sel-7 starts to be expressed. Furthermore, sel-7 is prematurely expressed in seam cells at the L1 larval stage in lin-14 mutants. How is sel-7 activated at the L3 stage? One model is that an unidentified transcription factor binds to TRE at the L3 stage to activate the expression of sel-7. At earlier stages, activity of the bound factor would be repressed by simultaneous binding of other factors, such as LIN-14, to TRE. The similar gene organization and conservation of TRE in C. briggsae sel-7 indicates that similar mechanisms are employed in controlling temporal expression of sel-7.
Separate specification of temporal fates of seam cells at early and late stages
The terminal differentiation of seam cells is defective in almost all previously identified heterochronic mutants, which could be because an early-acting heterochronic gene also plays an important role at later stages. Alternatively, the temporal fates of seam cells are specified in a successive order. The early temporal event is involved in specifying the fates adopted by seam cells at a late stage. However, emerging evidence suggests that the early and late heterochronic events could be controlled separately. In ain-1 and alg-1 mutants, the penetrance of the reiteration of L2 fate at the L3 stage phenotype is much higher than the terminal differentiation defect (Ding et al., 2005) . One class of lin-14 mutations, class IV mutations, resulted in precocious adoption of the L2 stage-specific cell lineages at the L1 stage, but only caused very weak precocious alae defects (Ambros and Horvitz, 1987) . We showed here that loss of function of sel-7 leads to reiteration of the L2 stage fate at the L3 stage, without affecting terminal differentiation of seam cells. Identification of heterochronic genes with a stage-specific role will help us to understand how discrete temporal identities of cells are specified and also how these events are coordinately regulated to ensure the succession and synchrony of animal development.
